Abstract -The freezing depression points of aqueous phosphoric acid have been determined using a method based on measurement of solution conductivity. The osmotic coefficient for freezing point lowering was calculated by the condition of solid-liquid equilibrium and by the equation proposed by Bjerrum (1918) . A calculation method is presented in this study to evaluate the ion interaction parameters for the Pitzer model from freezing point and isopiestic molalities of aqueous phosphoric acid solution. The model of Chen, Bromely and the Three-Characteristic Parameter Correlation (TCPC) are also used to model this system. The isopiestic molality values from literature data are used to optimize these models. Using these parameters, we were able to estimate thermodynamic properties: osmotic coefficient, mean activity coefficient and water activity for the H 3 PO 4 -H 2 O system, and contribution to a better understanding of the thermodynamic behaviour of the aqueous system containing phosphoric acid.
INTRODUCTION
Phosphoric acid is one of the strategic elements in the agriculture and pharmaceutical domain. In the literature, there are several different studies predicting all the parameters of the H 3 PO 4 -H 2 O system, although they were only realized at 298.15 K and done on water vapor pressure.
The thermodynamic properties of phosphoric acid are of crucial importance in industrial processes such as crystallization, reactors and chemistry reactions. The thermodynamic model proposed by Pitzer was used in this study to predict thermodynamic properties based on freezing point depression experimental results. In general, the use of the Pitzer model is based on the determination of parameters from experimental data, for example: the determination of water activity in the ternary system KI-KNO 3 -H 2 O at 298.15 K using an electronic hydrometer by Galleguillos et al. (2003) , determination of activity coefficients of electrolytes in the ternary system NaCl-Na 2 SO 4 -H 2 O from potential difference measurements at 298.15, 303.15 and 308.15 K by Sirbu et al. (2011) and osmotic and activity coefficients of dilute aqueous solutions of unsymmetrical tetraalkylammonium Iodides at 298.15 K using the isopiestic method by Amado-Gonzalez et al. (2012) .
There are also other thermodynamic models widely used to determine the thermodynamic properties of electrolytic solutions. Bromely (1973) presented a method for calculating the osmotic coefficient and the activity coefficient. He presented the values of the parameters used in this equation at 298.15 K to determine the properties of various electrolyte systems. This model has been used in several fields, for example in the work of Vicum et al. (2003) , where the Bromley model was used for the non-stoichiometric precipitation of barium sulfate, BaSO 4 . Chen et al. (1982) proposed a model to calculate the activity coefficient with long-range and short-range contributions. This model successfully correlated experimental data at 298.15 K, for example in the work of Taghi et al. (2003) , who applied the Chen model to correlate experimental data of the osmotic coefficient and density of non-aqueous systems. Recently, the Three-Characteristic Parameter Correlation (TCPC) model proposed by Ge et al. (2007) was used to correlate experimental data of several aqueous and non-aqueous systems.
In the case of aqueous phosphoric acid solution, the work of was an important effort to predict the thermodynamic parameters of phosphoric acid at 298.15 K up to 6 mol.kg -1 based on the statisticalmechanical equations. Their work employed isopiestic results coupled with electromotive force (EMF). Holmes et al. (1999) determined experimentally the isopiestic molalities of aqueous solutions of phosphoric acid at high temperature in the range of 383.15 to 523.15 K. The recent study proposed by Yang et al. (2016) presents experimental values of water activity at 298.15 K using the isopiestic method.
The objective of this work is to present new experimental values of freezing depression points up to 241.15 K by using the conductimetric method, thus combining the freezing point and isopiestic data to predict more general and precise thermodynamic properties for the phosphoric acid-water system up to 8 mol.kg -1 , with a suggestion for adapting Pitzer's model to any temperature of phosphoric acid solutions, with comparison to the Chen model, Bromley model and Three-Characteristic Parameter Correlation model (TCPC).
EXPERIMENTAL METHODS
In the present study, the freezing point depression was determined experimentally by using a method based on measurements of conductivity, λ. In this method, the ice solubility curve is measured at fixed temperature by adding step-by-step phosphoric acid with a known concentration. The saturation by ice is achieved, which generates a variation in the slope of the curve of solution conductivity versus concentration. At this point the freezing temperature and molality are determined (Goundali et al., 2008; Goundali et al., 2007) . For example, to determine freezing depression points of the system H 2 O-A, we start with the sample M, Figure 1 -B. After each addition, the conductivity of the solution is measured until stability of its value. The curve (A) in Figure 1 (conductivity=f(volume of water)) obtained for the binary system H 2 O-A presents a break at phase change when an invariant equilibrium is analyzed. The operation is repeated until the total determination of the liquidus of the ice. Figure 2 shows the experimental setup used for the FPD determinations using the conductimetric method. conductivity on the order of 6 µS at 291.15 K. Two products were used to ensure the reliability of the experimental results, phosphoric acid with 85% concentration in water that presents 99.99% purity and phosphorus pentoxide with purity 99%. (SigmaAldrich) The concentration of phosphoric acid was verified using titration with sodium hydroxide.
RESULTS
In Figure 3 , our experimental freezing depression values and those of Lide (2003 Lide ( -2004 and Jones et al. (1907) are presented and compared. This figure shows that the data of Jones et al. (1907) have a large deviation and below 267.6 K the difference between the values is significant.
The isopiestic molalities of aqueous phosphoric acid solutions have been measured by Holmes et al. (1999) using NaCl for the reference solution in the range of temperature from 383.15 to 523.15K for molality up to 10 mol.kg -1 . Table 2 presents the number of points used to model phosphoric acid's parameters.
In the presence of phosphoric acid in solution, the equilibrium between ice and water liquid is described by:
(1) Below the temperature 273.15 K the condition for the equilibrium is: (2) In eq 2, µ designates the chemical potential and the asterisk (*) the pure phase, a w represents the activity of water. Following eq. 3, one can calculate directly values of water activity from the experimental data of freezing point based on the Gibbs-Duhem equation. (3)
In the present calculations, the following values were used in this equation: the enthalpy of fusion for pure water ∆H* = 6009.5 J. mol -1 , the universal gas constant R = 8.314 J.mol -1 .K -1 and ∆C p = 37.87 J. mol -1 . K (Osborne, 1939; Osborne et al., 1939) . The heat capacity value was used by Hassan et al. (2014) to calculate Pitzer's parameters for NaCl and KCl from
the freezing point and by Arrad et al. (2015) in the case of ferric nitrate up to the temperature 248.15 K.
The osmotic coefficient ϕ is defined by the ratio π (real)/π(ideal), where π is the osmotic pressure: (4) where ϑ s is the molar volume of solvent. Therefore, the expression of the osmotic coefficient becomes:
In the case of an electrolyte solution, where one molecule of acid MX dissociates into ν ions, the ideal solution activity of the solvent (water in this case) is:
By using equations 5 and 6, the osmotic coefficient equation in the real solution becomes:
The activity coefficient for a real solution is calculated using Equation 3.
The other method to calculate the osmotic coefficient from the freezing point lowering was presented by Randal (1923) : (8) A quantity ϕ identical in value with (1-j) was called the osmotic coefficient by Bjerrum (1918) ; the function j is a property of the solvent: (9) where ν is the number of molecules formed per molecule of solute, θ is the freezing point lowering, δ is a constant =1.858 (Randall, 1923) and m is the molality.
The application of equation 7 in our study is represented by: (10) where m i is molality of species [mol.kg -1 ] in the solution, the molar mass of water M H20 = 18.01528 g.mol
The results of application of equations 9 and 10 are presented in Table 1 .
THERMODYNAMIC MODELING Pitzer model
The Pitzer model was applied for the treatment of non-ideality and in the case of 1-1 electrolyte the osmotic coefficient ϕ of the solution and mean activity coefficient γ ± of the electrolyte can be written as:
where: (22) where A γ is the Debye-Hückel constant on a log e basis at temperature T [K], ρ is a constant related to the distance of closest approach; in this case the value of ρ =1.0, Iis the ionic strength and B(T) is Bromley's parameter. Chen et al.(1982) proposed a model for calculating the activity coefficient based on long-range and shortrange contributions: (23) where f ± is the activity coefficient based on mole fraction, LR and SR refer to the long-range and shortrange contributions.
Chen model
The equation for short-range can be written as:
with:
The mole fraction x i as a function of molality m is written as: (27) where x c , x m , x a : are cation, solvent and anion mole fraction, τ m,ca and τ ca,m are Chen parameters, F mc = F ma = exp (-ατ m,ca ) and
The equation for long-range can be written as:
To make the data uniform, the mean activity coefficient is converted to the molality form using the relationship:
(29)
In our case, the determination of the Chen parameters is adjusted with the osmotic coefficient data. Pitzer et al. (1986) 
According to equations 30 and 31, the osmotic coefficient can be calculated by equation 10, using the expression lna s = lnx s .
Three-Characteristic Parameter Correlation model
The following equation was proposed for calculation of the osmotic coefficient using the ThreeCharacteristic Parameter Correlation model:
The osmotic Coefficient can be calculated by integrating the equation for the mean activity coefficient:
From eqs. 33 and 34, the osmotic coefficient can be written as: (35) In this equation, b, S and n are the three characteristic parameters: S is the solvation parameter, b is the approach parameter representing the closest distance between ions and n is a distance parameter related to the distance between ion and solvent molecule. Using these parameters the osmotic coefficients of electrolytes in aqueous solution could be estimated.
For all thermodynamic models, the ionic strength of the solution [mol/kg], is given as: 
RESULTS AND DISCUSSION
The Pitzer parameters for phosphoric acid-water were determined by using different types of data: solubility and isopiestic molalities. Pitzer's most extensive investigation was done for NaCl. As shown in the works of Sippola (2013) The parameter values were determined using the least-squares method with the objective function of 
eq 45 that minimizes the errors between the osmotic coefficients from the thermodynamic models and the experimental values:
The Deby-Hückel constant A D-H in the range of temperature 230 K to 298.15 K was calculated from the polynomial based on the tabulated values of DebyHückel constant presented by as: (46) For the range 298.15 to 523.5 K, the Deby-Hückel constant is given in the work of Holmes et al. (1999) .
The standard deviation, σ,was defined as:
where NP represents the number of experimental points at each temperature. The values of ion-interaction parameters for the thermodynamic models are presented in Table 3 .
The 
Following eq 47, we calculated the standard deviation for each model. Table 4 presents the values for every temperature.
As can be seen from Table 4 , the values of standard deviations for fitting the experimental data of osmotic coefficient for the Pitzer model are very low compared to the other models. Figure 4 presents the objective function for the global treatment of each model.
The comparison between experimental results of freezing depression curve and thermodynamic models is presented in Figure 5 . According to Figure 5 (1999) Estimated standard uncertainties for data from Holmes et al(1999) u are : u(T)=0.1ºK,u(m)=0.002, a: solubility measurement data b: isopiestic molalities measurement data.
results, which is why their objective function value remains the lowest (Figure 4) , whereas the Chen model diverges after 7.2 mol /kg. The Pitzer model presents the lowest value of objective function in the case of the phosphoric acid-water system and was used to calculate the activity coefficient of water, osmotic coefficient and mean activity coefficient at different temperatures. Figure 5 shows the calculated osmotic coefficient for the phosphoric acid-water system at different temperatures using the Pitzer parameters presented in Table 3 .
It is important to calculate the mean activity coefficient H PO 3 4 c ! at temperatures below 273.15 K. Table  5 presents mean activity coefficient values at selected molalities.
The mean coefficient calculated in Table 5 decreases as a function of temperature in high molality, but the values are almost equal in low molality. This confirms results presented earlier by Holmes et al. (1999) .
Calculated water activity coefficients are usually reported in terms of the ionic strength. Figure 6 presents the values of a w at 298.15K calculated by equations 11 and 10 using the values of Pitzer parameters presented in Table 3 .
The water activity coefficients determined at 298.15 in this study using the values of Pitzer's model, Table 3 , predict exactly the same values determined experimentally by Platford (1975) , the isopiestic measurements of water activity in recent study by Yang et al. (2016) and results presented by Elmore et al. (1946) , which confirms the Pitzer parameters presented in Table 3 .
CONCLUSION
The present paper reports the results of an experimental freezing point study of aqueous phosphoric acid solutions using a conductimetric method. The model used in this work, that of Pitzer, was compared the Three-Characteristic Parameter Correlation model. According to the equations presented in this paper there are two approaches to calculate the osmotic coefficient value from freezing point depression. The first approach is based on the thermodynamic equilibrium condition, whereas the second approach is by direct calculation of the osmotic coefficient, based on the use of the equation proposed by Bjerrum (1918) . Both methods resulted in almost the same values with the difference in the third digit after the decimal point, which shows that the Bjerrum equation is recommended to deduce the osmotic coefficient values from the freezing point depression. 
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